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Inspired by native extracellular matrix (ECM) together with the multilevel architecture 
observed in nature, we engineer a material which topography recapitulates topographic 
features of the ECM and the internal architecture mimics the biological materials organization. 
The nanopatterned design along the XY plane is combined with a nanostructured organization 
along the Z axis on freestanding membranes prepared by layer-by- layer deposition of chitosan 
and chondroitin sulfate. Cellular behavior is monitored using two different mammalian cell 
lines, fibroblasts (L929) and myoblasts (C2C12), in order to perceive the response to 
topography. Viability, proliferation and morphology of L929 are sensitively controlled by 
topography; also differentiation of C2C12 into myotubes is influenced by the presence of 
nanogrooves. This kind of nanopatterned structure has been also associated with strong 
cellular alignment. To the best of our knowledge, it is the first time that such a straightforward 
and inexpensive strategy is proposed to produce nanopatterned freestanding multilayer 
membranes. Controlling cellular alignment plays a critical role in many human tissues, such 
as muscles, nerves or blood vessels, so these membranes can be potentially useful in specific 
tissue regeneration strategies.  
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1. Introduction 
Directing cellular behavior is essential for different physiological processes and a very 
important stage of tissue-material interactions. The design of a surface capable of 
recapitulating features occurring in vivo may benefit the development of promising tissue 
engineering strategies.[1] Native extracellular matrix (ECM) has a unique and complex 
structure, displaying well-defined features on its topography such as protein fibers, pores, 
ridges, grooves that can be found at both micro and nanoscale levels.[1b, 2] Tissues like bone or 
muscle present highly aligned multiscale structures that have inspired the development of 
nanoengineered material for tissue regeneration applications;[2a] for instance, well-aligned, 
long and parallel cylinders of collagen type-I are part of the cortical bone structure, being 
important for its mechanical properties.[3] 
Both chemical and topographical surface patterning play a recognized role in the regulation 
of the cellular behavior, at both micro and nanoscale levels.[4] The mechanisms behind cell 
response to nanotopographic features are more complex than the ones behind cellular 
response to microtopography, where cells are of comparable size to the features. In fact, the 
connection established between each cell and their environment is even observed at the 
nanoscale length.[1b] The cell surface receptors, particularly integrins, bind to the extracellular 
ligands and react to extracellular stimuli, including pattern motifs on the material’s surface, 
inducing an intracellular cascade of physical and chemical events, conditioning cell 
response.[5] In particular, the geometry of topographical nanofeatures direct cells to react in 
terms of adhesion [6], formation of focal adhesions (FAs) [7], proliferation [8], migration [9], 
alignment [4a, 10] and differentiation [11]. For example, the surface topography of human cornea 
basement membrane was reproduced using lithography, inducing elongation and alignment of 
cells along the grooves.[12] Curiously when changing cell environment parameters like the 
growth medium, the cells reacted totally differently, suggesting that the patterning effect is 
also dependent of other environmental factors.[13] It was also found that both shape and 
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alignment of mesenchymal stem cells is dependent on the nanotopographical density of the 
surface, regulating their function and even osteo- or neurogenesis.[14] 
Distinct technologies have permitted the introduction of nanofeatures over the surface of 
biomaterials, allowing an additional cellular control in medical devices and substrates for cell 
culturing. Among conventional techniques are colloidal lithography [15], polymer demixing [16] 
or even phase separation [17], which are usually easier, faster and cheaper than other 
technologies, but with less control over the geometry.[18] In order to increase this control, 
techniques such as electron-bean and photolithography [4c, 19] have been extensively reported; 
however, the high costs associated with the limitation in the chosen raw materials prompt the 
need of finding alternative nanofabrication technologies. 
With this in mind, there exists a present need for a single step process that could surpass 
some of the drawbacks of the existing technologies. We propose a simple layer-by- layer 
(LbL) methodology that presents high versatility, precise control over the film construction 
and ability to process under physiological and ambient conditions.[20] Lithographic techniques 
were already combined with LbL strategies to generate patterned surfaces [21]; however, the 
inability to detach the LbL film from the anchored substrate and to create asymmetric 
membranes increased the need of substrate-free LbL patterned films. Immersing a low-surface 
free energy substrate sequentially and continuously into polye lectrolytes of opposite charges 
is possible to obtain a multilayer film that can be easily detached from the underlying 
substrate. This method was employed before to produce smooth freestanding (FS) 
membranes.[22]  
Unlike other nanofabrication methodologies, LbL allows the incorporation of a wide range 
of materials, since synthetic to natural polymers [22-23], proteins [24], or even other bioactive 
molecules [25]. We hypothesize that the sequential deposition of nanolayers of polyelectrolytes 
during the LbL buildup could adapt to the nanoscale the geometrical features of textured 
templates, generating multilayer membranes with the replica of the patterns upon detachment. 
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As polysaccharides present structural similarities with natural ECM, have biodegradable 
properties and are biocompatible [26], chitosan (CHT) and chondroitin sulfate (CS) were 
chosen in this work as polycation and polyanion, respectively, to produce natural-based 
nanopatterned FS membranes. 
The effect of the nanogrooves on cellular function was investigated by assessing the 
morphology, elongation, alignment of fibroblasts and myoblasts and differentiation in the case 
of myoblasts. 
 
2. Results and discussion 
 
2.1. Polyelectrolyte multilayers construction 
Quartz Crystal Microbalance with Dissipation (QCM-D) was used to monitor the 
variations on the deposition of the polyelectrolytes and the thickness of the film along the 
time - see Figure S1A. As expected, frequency variation (Δf) decreased with the injection of 
CHT and CS, and with the increasing number of layers; this confirmed that the 
polyelectrolytes mass was deposited on the surface of the gold piezoelectric crystal. A slight 
increase in Δf was observed for the washing steps, which corresponds to the desorption of the 
excess of polyelectrolyte mass. In the other hand, dissipation variation (ΔD) increased with 
the consecutive injections of CHT and CS, evidencing the viscoelastic nature of the deposited 
polymers. A Voigt model was used to fit the QCM-D data and to estimate the thickness 
variation as a function of the number of deposited layers - see Figure S1B. The results 
showed a linear growth of the polyelectrolyte multilayer film (R2 = 0.974), composed by CHT 
and CS layers, being an indication that the polymers were adsorb along the multilayer during 
the depositions, contrarily to other systems already described in literature.[27]  
Based on the same model and parameters used to obtain the thickness, parameters like 
viscosity and shear modulus were also estimated - see Figure S1C and S1D, respectively. 
These two parameters increased along the buildup of the film, which can be related with the 
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viscoelastic behavior of the film.[28] Fitting parameters like shear modulus, viscosity and 
thickness gave important continuous data on multilayer film construction.  
2.2. Fabrication of nanopatterned FS films  
Flat and nanopatterned membranes were produced by repeating 300 times the cyclic 
depositions on CHT and CS solutions, using appropriate templates. The underlying substrates 
selected to produce flat and nanopatterned membranes were polypropylene (PP) sheets and 
optical media material, respectively. The membranes were further crosslinked with genipin, to 
improve their mechanical and biological performance. After drying, both crosslinked a nd non-
crosslinked membranes were easily detached from the underlying substrates, with the help of 
a tweezer. In the end, four formulations were designed: flat FS ([CHT/CS]300), flat crosslinked 
FS (CL [CHT/CS]300), nanopatterned FS (PAT [CHT/CS]300) and nanopatterned crosslinked 
FS (PAT CL [CHT/CS]300).  
2.3. Morphological, topographical and physical characterization of the FS membranes  
 
2.3.1. Morphology  
The FS [CHT/CS]300 films were detachable, without visible damages, from the respective 
underlying substrates. Figures 1A and 1B represent Scanning Electron Microscopy (SEM) 
micrographs of uncrosslinked and crosslinked flat FS membranes. Prior the crosslinking step, 
the membranes presented a homogeneous morphology with visible rough structures in the 
order of 1-2 µm. Crosslinked membranes showed a non-homogeneous morphology, with 
large and lower roughness areas randomly dispersed along the surface. The recordable part of 
the optical media presents nanofeatures on their surface.[29] We investigated the presence of 
this kind of topography on commercial blank optical media. The polycarbonate template used 
to create the nanotopography showed regular nanostructured stripes (width around 637 ± 36.1 
nm) - see Figure 1C. The depth of the nanogrooves presented on the surface of the 
polycarbonate template was also calculated through SEM imaging - see Figure 1D; just by 
tilting the surface at 60° we were able to estimate the depth of the grooves (depth around 244 
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± 16.2 nm). The LbL methodology was applied above these substrates trying to mimic their 
topographical features. It was possible to confirm the presence of a nanogrooved topography 
on the surface of both uncrosslinked and crosslinked FS patterned CHT/CS membrane - see 
Figures 1E and 1F, respectively. The results prove that the geometrical features of the 
polycarbonate template were successfully replicated on the FS membranes. The existence of 
the groove in the Z axis was confirmed by leaning the samples to 60°; Figure 1G clearly 
shows a depth on the stripe structures. Therefore, by using daily-used objects, such as optical 
media, we propose a pioneering and unconventional nanofabrication strategy, by transposing 
the defined nanoscale geometries of such simple substrates onto FS membranes. Anene-Nzelu, 
C.G. [29] had previously described the use of optical media as substrates for cellular alignment, 
controlling cells morphology and differentiation through its ordered nanotopography; 
however, polycarbonate can promote some problems in biointegration. So far, for the best of 
our knowledge is the first time that such multifaceted technology is used to fabricate, through 
the repetition of a single step, ordered nanopatterned membranes. 
Differences were found in the cross-section between flat and nanopatterned FS membranes 
– see Figures 1H and 1I, respectively. Flat membranes were considerably thicker (40.4 ± 
0.93 µm) than nanopatterned membranes (9.9 ± 0.21 µm), with the same number of bilayers. 
Such differences can be related with the established interactions between the underlying 
substrate and the polyelectrolytes. Estimated thickness obtained using QCM-D data shows a 
linear growth of the film, so if a 300 bilayer film was constructed, it should be obtained a FS 
membrane with the thickness around 7.6 µm. Comparing the estimated thickness with real 
thicknesses, we can conclude that polyelectrolytes interactions with polycarbonate template is 
closest to those with the gold piezoelectric crystal. 
2.3.2. Topography  
The studies of the topography of different human tissues, like heart, nerve or muscle, have 
been useful for understanding the threshold of the patterns dimensions capable to influence 
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the cellular response. For instance, materials nanoimprinted with depth of 200 nm and width 
of 500 nm were developed and the interactions between neuron cells and these nanograft ings 
promoted both neurite alignment [30] and bipolarity [31]. Nanogrooved substrates with 450 nm 
in groove/ridge width; 100 or even 350 nm in depth regulated the orientation of 
cardiomyocytes and their contractile function.[32] As discussed below, our methodology 
provided such kind of dimensions, but using a quite simple methodology, providing the 
ability to use natural based polymers, employing wet based fabrication technologies. 
Firstly, uncrosslinked and crosslinked flat FS membranes were analyzed with Atomic 
Force Microscopy (AFM) imaging - see Figure 2A and 2B respectively. Both presented some 
rough structures in the order of about 30 nm. Also the topography of the uncrosslinked and 
crosslinked nanopatterned FS films was investigated. AFM imaging confirmed the good 
reproducibility of the nanopatterning, always with structures consistent with the patterning of 
the polycarbonate template - see Figure 2C and 2D, respectively. Besides the presence of the 
sub-micron patterning, the topography of these surfaces also presented rough areas, at the 
nanometer scale. AFM was also performed with wet samples, in order to conclude about the 
stability of the patterning in a hydrated environment. As observed in Figure 2E and 2F, even 
after the incubation in phosphate buffered saline (PBS) overnight, the uncrosslinked and 
crosslinked nanopatterned surfaces maintained the nanogrooved topography. To conclude 
about the stability of patterning, we also left the membranes immersed in the PBS solution for 
longer times and even after 14 days we verify the maintenance of the patterning. This 
information will be further supported by the SEM images of the cells above the patterned 
freestanding membranes. 
Figure 2G shows the arithmetic roughness (Ra) and the average height (Hav) values for all 
type of developed FS membranes. No substantially changes were observed with the 
crosslinking step, but the Ra value was slightly lower for the PAT CL [CHT/CS]300 when 
comparing with the unmodified nanopatterned ones; this can be related with the swelling and 
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contraction of the upper layer. Naturally, crosslinked and non-crosslinked PAT [CHT/CS]300 
presented significantly higher values of Hav due to the presence of the nanogrooves on their 
surface; indeed, the uncrosslinked patterned membranes clearly exhibited the highest value 
and this fact also can be related with the swelling process. 
Some differences were expected when hydrating the membranes, due to their ability to 
retain water.[33] Figure 2H shows distinct relevant dimensions of the pattern features 
calculated through the AFM image data. The averaged ridge width (RWav) in the FS films was 
similar between the different conditions, being around 500 nm. The averaged groove width 
(GWav) was different, following what happened with the averaged depth (Dav) values: for 
PAT [CHT/CS]300 membranes, the GWav significantly decreased from 820.4 ± 40.7 nm (dry 
state) to 687.4 ± 64.1 nm (hydrated PAT [CHT/CS]300). No significant differences in the 
GWav were found between hydrated PAT CL [CHT/CS]300 membranes and dried PAT CL 
[CHT/CS]300; the crosslinking reaction allowed lower water contents in their composition and 
thus fewer differences were noticed in the GWav. The Dav of the crosslinked and 
uncrosslinked FS membranes significantly increased when the samples were hydrated; in the 
case of PAT CL [CHT/CS]300 the Dav significantly increased from 208.3 ± 38.36 nm (dry 
state) to 449.4 ± 50.01 nm (wet state). Curiously, in the hydrated state, crosslinked 
membranes had higher values of depth than in the dry state. This is an indication that when 
hydrated, the topography of the PAT CL [CHT/CS]300 membranes did not deform 
significantly along the XY plane but this changing essentially happened in the Z plane.  
2.3.3. Water Contact Angle (WCA) 
Wettability plays an important role in material-cell interactions;[34] it can depend on both 
chemical composition and topography of the surface. The WCA of the produced films are 
shown in Figure S2A and S2B. The crosslinking effect on the WCA was evident on flat 
CHT/CS membranes, with a significant increase on the hydrophilicity. The derivate of the 
crosslinking reaction is rich in hydrophilic groups, like amines, amides and hydroxyl 
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groups;[35] indeed this result was consistent with some works in literature which reported the 
effect of genipin crosslinking in the decrease of the WCA, for hydrogels [36], capsules [35a] and 
also for multilayer films [37]. Significant differences were observed between flat and patterned 
membranes, for non-CL membranes (WCA = 107 ± 7.7°and WCA= 119 ± 3.1°, respective ly) 
and for CL membranes (WCA = 74 ± 7.9°and WCA= 111 ± 1.3°, respectively). Therefore, the 
presence of a nanopatterned topography on the CHT/CS membranes enhanced the 
hydrophobicity of the surface, comparing with the flat ones. The explanation of this 
phenomenon is based on the Cassie-Baxter [38] regime that assumes that there is no 
penetration of the water droplets into the grooves, establishing a composite interface between 
the solid/air and the liquid droplet. In this case, if roughness increases, also the 
hydrophobicity of the surface will be higher, with higher WCA values. The effect of 
crosslinking was not significant in the case of patterned membranes, and we hypothesized that 
the crosslinking effect was masked by the patterning effect. Our results indicate that at this 
stage, surface topography prevented the decrease on WCA, that would be expectable by the 
introduction of hydrophilic groups. Similar competitive forces between hydrophilic surface 
groups and surface topography were already reported elsewhere. [39] 
These results indicates that after an initial increase in hydrophobicity of glass surface with 
zeolite coverage, hydrophilic groups prevent the continuous increase in water contact angle 
with increasing zeolite density. In other words, the reason of the difference in the water 
contact angle values along the gradient surface can be attributed to the competitive effects 
between hydrophilic surface groups on zeolites and surface roughness. 
 
2.3.4. Mechanical characterization of FS membranes 
Dynamic Mechanical Analysis (DMA) experiments were performed to evaluate the 
mechanical/viscoelastic properties of the FS membranes. Mechanical studies are a vital part of 
the membranes characterization, as literature has been reported their determinant role on 
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cellular phenotype and differentiation [40]. The variation of the storage (elastic) modulus (E’) 
along the frequency is presented in Figure S3A. Overall, for all the studied FS membranes, E’ 
slightly increases with frequency as already reported by other works.[41] Comparing the 
uncrosslinked membranes, it was observed that the curves of the graph were superimposed; 
thus, there are not significant differences in their E’ values: 1.1 ± 0.40 MPa and 1.3 ± 0.32 
MPa at 1 Hz, for unpatterned and patterned FS membranes, respectively. The same behavior 
was observed in the case of the crosslinked membranes where no significant differences could 
be found. However, significant differences were found between crosslinked and uncrosslinked 
membranes, with E’ values of the crosslinked FS membranes (4.3 ± 0.84 MPa and 4.4 ± 0.67 
MPa at 1 Hz, for unpatterned and patterned crosslinked FS membranes, respectively) being 
higher than E’ values of the uncrosslinked ones. Such results are consistent with previous 
works that reported an increase in stiffness when membranes were submitted to a crosslinked 
reaction.[37, 41a, 42] These results also indicate that the presence of the patterning or the 
polymeric nature of the template on both uncrosslinked and crosslinked FS membranes have 
not influence on the stiffness of the samples.  
The variation of the loss factor (tan δ) along the frequency is presented in Figure S3B. The 
tan δ is the ratio of the amount of energy dissipated by viscous mechanisms relative to energy 
stored in the elastic component providing information about the damping properties of the 
membranes. For all membranes, it was observed that tan δ slightly increased with the 
frequency, but no signs of the presence of relaxation processes could be detected. Moreover, 
the uncrosslinked FS membranes presented higher dissipative properties, mainly at the higher 
frequencies.[43] 
2.3.5. Degradation behavior monitoring of FS membranes 
Both degradability and stability are important parameters in implantable scaffolds. Among 
other components, human serum presents enzymes capable to degrade biopolymers ;[44] thus 
our developed membranes composed by CHT and CS can have interesting biodegradable 
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properties. To understand the degradability of flat and nanopatterned CHT/CS, non-
crosslinked and crosslinked, their weight loss was investigated, by immersing them in suitable 
enzymatic solutions. Lysozyme [45] and hyaluronidase [46] are enzymes capable to degrade 
natural polymers as CHT and CS once they are presented in the human serum at different 
concentrations. The degradation phenomenon could be noted through the decrease in the film 
thickness, as already reported in literature for comparable systems.[47] No substantial 
differences were observed in the weight loss profile between flat and patterned membranes - 
see Figure S4; nevertheless, the crosslink effect on the degradability and stability of the FS 
films was evident. The enzymatic degradation is retarded when the FS films were crosslinked. 
In fact, there are already some studies indicating the decrease of degradation rates for CL 
films and consequently the capability to use this strategy to control the material 
degradation.[47a, 48] Note that weight loss is also observed using just PBS solution, but it was 
accelerated with the presence of the enzymes. Looking deeper at Figure S4, it is possible to 
observe that most degradation occurs within the first 3 days of immersion; water molecules 
diffused into the bulk of the FS membranes, weakening their structure and thus enhancing the 
degradation. After 7 days of immersion the rate of degradation decreases significantly for FS 
membranes. The crosslinking effect can be used to control the degradation and thus the FS 
membranes characteristics may be adapted to the therapeutic specifications. 
2.4. L929 cellular response 
2.4.1. L929 viability and proliferation 
We investigated the influence of the crosslinking and patterning in the FS membranes on 
the behavior of L929 cells. Figure 3A shows the results of a (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay, used to assess 
the mitochondrial redox activity. One assumes that higher values of metabolic activity 
correspond to higher cellular viability. Differences between the non-crosslinked and 
crosslinked membranes became evident for day 3 and even more for day 7 of culture. In those 
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time points, it was clearly observed higher values of cellular metabolic activity on crosslinked 
membranes. DNA quantification assay was used to complement these results and to have a 
measure of cell proliferation (see Figure 3B). Regarding the differences between non-
crosslinked and crosslinked membranes, DNA quantification supported the results of MTS 
assay: in day 3 and day 7 of culture the crosslinked membranes induced significantly more 
proliferation. This fact matched with literature that has reported the positive effect of genipin 
on enhancing the cellular adhesion, viability and proliferation.[33, 36, 42] These works suggested 
that substrate stiffness increases when crosslinked with genipin, decreasing the water content 
and increasing the protein adsorption and resulting in improved cellular behavior. In fact, the 
mechanical properties of the membranes are also an important parameter to tailor the cellular 
behavior, and the crosslinking step with genipin seemed essential to increase the stiffness of 
the polysaccharide multilayer membranes and thus to enhance their biological performance, 
without compromising the non-cytotoxicity of the material. It can be said that the crosslinking 
effect on cell viability and proliferation followed the same trend along the days of culture but 
the same cannot be said for the effect of the topography. For day 7 of culture, the PAT CL 
[CHT/CS]300 presented slightly higher DNA content and metabolic activity than flat CL 
[CHT/CS]300 membranes while for uncrosslinked PAT [CHT/CS]300 the DNA content and 
metabolic activity were slightly lower than for flat [CHT/CS]300. We hypothesized that for CL 
membranes, the effect of genipin crosslinking overlapped the effect o f topography. Literature 
[6, 49] reported the increasing number of filapodia and elongated cells when in presence o f a 
nanogrooved surface, but this may not necessarily correspond to an increase in proliferation; 
other properties of the nanopatterned membranes can also play a role , such as surface 
chemistry, wettability or even stiffness. The influence of the presence of topography at 
nanoscale length on cellular proliferation can also depend on the cell type.[6, 50]  
2.4.2. L929 morphology 
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A sparser density was chosen to culture fibroblasts, in order to avoid cell-cell contacts and 
to evidence the effect of topography on the morphology of individual cells. Fibroblasts were 
fixed and then stained to observe their nucleus and cytoskeleton variances on fluorescence 
microscopy - see Figure 4A. Cell morphology differed between flat and nanogrooved 
substrates. Overall, F-actin structure was different between fibroblasts adhered on flat and 
nanopatterned [CHT/CS]300 membranes and fibroblasts were more elongated on the patterned 
ones, even for the first day of culture. On the other hand, differences on L929 morphology 
between non-CL and CL was also noted, mostly from the third day of culture; well-spread 
fibroblasts were observed on CL FS membranes. The effect of crosslinking on cell 
morphology was previously investigated in multilayers using high-throughput approaches, 
where the area occupied by L929 or SaOs-2 cells increased, as compared with uncrosslinked 
membranes.[51] Nevertheless, the topography seemed to have more impact on morphology and 
cytoskeleton organization than crosslink and stiffness. These findings are in accordance with 
previous studies; Yim et al. [7] stated that while both material nanotopography and stiffness 
are crucial properties to modulate mechanical properties of cells, nanotopography is the main 
property involved in cytoskeletal organization and focal adhesions (FAs) formation. As 
observed for nanopatterned membranes, the cellular contact guidance followed a trend of 
orientation that was not observed for the flat ones. The first steps in the cellular contact 
guidance on nanogrooved surfaces is adhesion and guided spreading, with the cell usually 
assuming an elongated morphology parallel to the groove long axis;[52] the response changes 
according to parameters like geometry and respective dimensions of the nanotopographic 
features.  
SEM analysis depicted the cells distribution over the flat and nanopatterned FS membranes 
- see representative images in Figure 4B for crosslinked membranes. The results obtained by 
fluorescence images (Figure 4A) were confirmed by SEM (Figure 4B); cell cultured over 
PAT CL [CHT/CS]300 membranes presented predominantly a highly stretched morphology, 
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aligned along the nanogrooves direction. As observed in Figure 4B, lamellipodia seemed to 
extend mostly towards the grooves and ridges direction (horizontally). However, when FAs 
were perpendicular to grooves direction, their limited width can be responsible for limiting 
the length of actin fibers and the random direction of lamellipodia. It was already reported 
that when lamellipodia are placed perpendicular to nanotopography direction, mesenchymal 
stem cells retract rapidly and become more round with dispersed filopodia.[53] Moreover, from 
Figure 4B we could also confirm the stability of the patterning on the surface of the 
membranes, even after 7 days of cell culture. 
As already mentioned, there are different studies reporting the fabrication of nanopatterned 
materials and their respective topography-cells interactions but, for the best of our knowledge, 
this was the first time that nanopatterned FS membranes with ability to control cellular 
alignment, was fabricated by means of a single step process and using just natural-polymers.  
2.4.3. Nuclei morphology  
Although different investigations have already reported changes in the cytoskeleton 
morphology as a result of using a nanostructured topography, few studies have explored the 
differences in nuclear shape. Comparing the nuclei of the fibroblasts adhered on CL 
[CHT/CS]300 and PAT CL [CHT/CS]300 membranes, significant differences were found in 
terms of the nuclei elongation factor (EF) - see graphics in Figure S5A. When cultured on the 
patterned surface the nuclei of the cells predominantly showed an elliptical shape, while for 
unpatterned surfaces they preferred to display a circular shape, with no defined direction - see 
the representative images also presented in Figure S5A. Graphical distributions of the nucleus 
orientation of the individual cells cultured on unpatterned and patterned membranes during 1, 
3 and 7 days of culture days are presented on Figure S5B. All the images were representative 
for each condition. On PAT CL [CHT/CS]300 membranes, the larger part of nuclei was 
aligned in the same direction, with higher percentages of the cells between -10° and 10°, in 
opposite of what happened for CL [CHT/CS]300 membranes. For unpatterned membranes, no 
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significant differences were found in the range between -90° and 90°. These observations 
were according  literature.[54] 
2.4.4. Morphometric parameters 
To have a quantitative idea of the nanotopography effect on cell (cytoskeleton) shape, we 
determined parameters like fibroblasts area, perimeter, circularity and alignment, regarding 
the third day of culture. Phalloidin-DAPI (4',6-diamidino-2-phenylindole) stained images 
provided the ability to calculate parameters like area and perimeter of the cells adhered on 
crosslinked flat and patterned [CHT/CS]300 membranes - see Figure 5A. Flat surfaces 
exhibited a significantly larger cell area than patterned ones. If we assume that the volume of 
the cells will not change, differences in the cell area should be accompanied by opposite 
trends in their height. The same trend was obtained in terms of perimeter, yet with no 
significant differences. 
Circularity and cell elongation factor (EF) were also calculated. Circularity is a 
quantitative parameter used to evaluate cell morphology, as well as cell EF. Significantly 
higher circularity values were obtained for flat CL [CHT/CS]300, comparing with those 
obtained for PAT CL [CHT/CS]300. These results indicate that fibroblasts grown on flat 
surfaces acquire more rounded morphologies than when grown in the nanopatterned surfaces, 
clearly consistent with the images of Figure 5A. Cell EF is defined as the ratio between the 
longest axis of the cell (length) and the longest axis perpendicular to it. Contrarily to area, 
perimeter and circularity, the EF of cells cultured on nanopatterned substrates was significant 
higher than for cell cultured above flat surfaces. As it was higher than 2 for PAT CL 
[CHT/CS]300) it is possible to say that the majority of cells were elongated.[12] 
Fibroblasts were cultured on substrates patterned with sub-micron wide stripes and, as 
already discussed, they elongated along the ridges and grooves direction. Flat substrates did 
not seem to have this ability. The angle between the topography direction and the longest axis 
of the cell was determined. Figure 5B shows the cell angle orientation distribution on flat CL 
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[CHT/CS]300 membranes, where the cell distribution seemed to be uniform in the range -90° 
to 90° and an indicative of a random orientation. On the other hand, as observed in Figure 5C, 
fibroblasts cultured on PAT CL [CHT/CS]300 were distributed in the range -30° to 20° and 
approximately 71% of cells were aligned with the pattern direction (angle between -10° and 
10°).[55] The phenomenon by which the matrix offers directional features to the cells and 
directs the motility response via anisotropy in the microenvironment has been designated as 
contact guidance.[4d, 56] This fact is based on the theory that cells make a projection in one 
direction depending on the shape and type of features it encountered; for nanopatterned 
surfaces, the alignment phenomenon will be expected in the direction with less topographic 
and mechanic obstruction.[57] The parameter that has been mostly correlated with cellular 
alignment are the groove depth, at sub-micro and nano-scales.[19, 58] The depth of the grooves 
should be smaller enough for cells run down into the grooves and form FAs and bigger 
enough for cells sense, with filapodia being able to adhere to the grooves and make cell 
aligning. Additionally, we also correlated the alignment of the cytoskeleton with the 
alignment of the nucleus and, in fact, they deformed in the same direction. This result is 
consistent with literature[59] that suggests that the cytoskeleton network mediates the nucleus 
deformation. 
2.5. C2C12 cellular response 
2.5.1. C2C12 morphology and FAs formation 
C2C12 myoblasts were chosen to study the influence of topography in cell differentiation, 
since it is a well-known and characterized model that has been reported in literature to study 
the influence of surface distinct properties.[60] Proliferating mononucleated myoblasts 
differentiate and fuse to multinucleated myotubes. Prior to evaluate the C2C12 differentiation 
towards myotubes, the morphology of the cells cultured above CL [CHT/CS]300 and PAT CL 
[CHT/CS]300 were investigated for 1, 3, 5 and 10 days of culture. Figure 6A shows the 
fluorescence microscopic images of C2C12 stained with phalloidin (cytoskeleton) and DAPI 
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(nucleus). No significant differences in imaged cell density seem to exist between cells 
cultured above flat and nanopatterned surfaces. C2C12 adhered above CL [CHT/CS]300 and 
PAT CL [CHT/CS]300 presented well-organized F-actin on their cytoskeleton and spread on 
all over the surfaces with extended filapodia. The key of the influence of nanogrooved 
topography on myoblast morphology is related with the cellular alignment and the formed 
FAs. In the case of CL [CHT/CS]300 membranes, the elongated myoblasts appeared to be 
random oriented on the surface, while, for the PAT CL [CHT/CS]300 films, the elongated cells 
seemed to follow a specific orientation. In fact, the C2C12 cultured on nanopatterned surfaces 
seemed to be elongated within the nanotopography direction, starting from day one o f culture. 
In day 3 and day 5 of culture, myoblasts were proliferative and started to form a C2C12 
network; the cells extended their filapodia and started to communicate with neighboring cells. 
A higher cell density was imaged with 10 days of culture for both flat and patterned FS 
membranes.  
SEM observations were also performed to follow up the morphology of C2C12 on the FS 
[CHT/CS]300 membranes, during the first week of culture. Microscopic images reinforced the 
results of immunofluorescence with phalloidin and DAPI - see Figure 6B. Just with 4 hours 
of culture, myoblasts already started to elongate and acquired a spindle-shaped morphology, 
while for flat membranes they still remained with a round morphology. In day 3 of culture, 
both patterned and unpatterned surfaces presented elongated cells with EF higher than 1.4. CL 
[CHT/CS]300 films presented random distributed and oriented cells but PAT CL [CHT/CS]300 
exhibited a better control of cellular distribution and orientation, with the filapodia extended 
mainly along the grooves direction. The patterned membranes induced cells fusion with a 
specific direction. Higher cellular densities were imaged for 7 days of culture and the 
alignment effect were maintained for the patterned surfaces. With increasing culture time, 
cells tended to elongate, with a decrease of the width and an increase of the length. These 
observations can be better understood by the formation of FA on the nanogrooved surface; as 
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already reported in literature and discussed for L929, FAs were usually established on 
nanogrooved surfaces and they tend to extend protrusion in the direction without obstacles. 
The formation of FAs of the C2C12 adhered on flat and nanopatterned membranes were 
revealed using an immunofluorescent staining of vinculin after 3 and 5 days of culture - see 
Figure 6C. The influence of the patterning was also observed at the FAs level, in terms of 
orientation and morphology. For both time points the FAs seemed to be more distributed 
around the cells for flat CL [CHT/CS]300, whereas for PAT CL [CHT/CS]300 the FAs seemed 
confined in a preferential direction, supporting the idea of FAs are deeply involved in the 
mechanism of cellular alignment. Note that for 3 days of culture, the immunofluorescence 
with vinculin allowed to identify by staining the direction of the patterning and effectively a 
bigger part of FAs was constrained into the preferential direction of the topography. 
2.5.2. Myogenic Differentiation 
Troponin T was used as a marker for the expression of myogenic differentiation, in order 
to investigate the effect of the nanopatterns on differentiation. To perceive this effect, two 
different media were tested for cell differentiation: DMEM supplemented with horse serum 
(DM), typically used to trigger the differentiation of C2C12 into myotubes, and DMEM 
medium supplemented with FBS (GM), used routinely as a growth medium. Figure 7 shows 
the results of the immunocytochemistry studies for 7 and 10 days of culture. The process of 
C2C12 differentiation comprises the fusion of myoblasts into multinucleated myotubes, 
expressing markers like troponin T.[61]  
In the case of using DM, no significant differences on troponin T expression were 
observed between CL [CHT/CS]300 and PAT CL [CHT/CS]300 membranes. For 7 days of 
culture, myoblasts started to fuse and formed small myotubes; tissue culture polystyrene 
surfaces (TCPS) presented larger myotubes and this could be due to a faster differentiation 
process for plastic-treated substrates. At the 10th day of culture, other myoblasts started to fuse 
with the small myotubes and longer and mature myotubes were formed. These observations 
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are consistent with the basis of mammalian myoblast fusion, which occurs into two phases: an 
early phase of forming nascent myotubes and a later phase of forming mature myotubes.[62]  
Contrarily, in the case of using GM, some differences were noted for unpatterned and 
patterned membranes. Visually, the amount of troponin T expression on the cells cultured on 
nanopatterned membranes using GM was considerably higher compared with flat membranes 
and TCPS; this can be a clear indication that when using a medium capable of inducing 
differentiation by itself, the pattern effect was almost masked. After 10 days of culture, 
myotubes were formed and presented a long and thin morphology; however, the cells reached 
a stage where they were overgrown. Myoblasts change their triangular shape to an elongated 
one during the early stages of differentiation;[63] this can support the results obtained in GM 
conditions. In the absence of DM, the presence of nanogrooved topography on PAT CL 
[CHT/CS]300 prompted cells to acquired predominantly an elongated shape and could promote 
myoblast differentiation by itself with no need of special exogenous factors. 
In Figure 7, it is also possible to perceive some indications of the effect of the nanogroo ved 
topography, with myotubes oriented in a particular direction. The influence of topography on 
C2C12 differentiation was consistent with previous works.[60a, 64] In fact, the alignment step, 
which has been related with the cytoskeleton organization, has been suggested as a crucial 
process before cell fusion, and thus, an important step in differentiation;[64-65] actin filaments 
were randomly distributed in flat membranes while in nanopatterned ones a big part of actin 
filaments were aligned along the grooves. Moreover, by immunofluorescence images, 
morphological differences are perceived between flat CL [CHT/CS]300 and PAT CL 
[CHT/CS]300, using either DM or GM: for the flat ones myotubes presented an arc structure 
while for the nanogrooved surfaces they presented an aligned structure. 
2.5.3. Morphometric parameters 
The effect of the nanogrooves on myoblasts differentiation was also evaluated by exploring 
differentiation parameters: the fusion index, the number of troponin-positive myotubes, the 
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area and the alignment of myotubes were determined for each condition after 10 days of 
culture. 
Cells cultured on PAT CL [CHT/CS]300 showed the highest percentage of fusion index, 
comparing with what happened with CL [CHT/CS]300 - see Figure 8A. The fusion index 
percentage is significantly higher for PAT CL [CHT/CS]300, either using DM or using GM. 
Otherwise, the number of troponin-positive myotubes is similar for flat CL [CHT/CS]300 and 
PAT CL [CHT/CS]300 when using DM, but significantly higher for PAT CL [CHT/CS]300 in 
case of using GM. All these results together indicate that the myogenic differentiation into 
myotubes was boosted on PAT CL [CHT/CS]300, mainly when using GM. Literature refers 
some different driving forces for myogenic differentiation but topography seemed to be one o f 
the most significant.[66]  
Either using DM or GM, significant differences in the myotubes area were found between 
flat and patterned FS films. The PAT CL [CHT/CS]300 membranes presented myotubes with 
larger area than CL [CHT/CS]300 - see Figure 8B. Regarding PAT CL [CHT/CS]300 
membranes, no significant differences were found in the myotubes area between DM or GM 
conditions.  
Also myotubes alignment was evaluated for the different conditions, after 10 days of 
culture. Figure 8C displays the distribution of the myotubes orientation on the different 
membranes. For CL [CHT/CS]300, using DM or GM, the myotubes were distributed in a wide 
range of orientations. On the other hand, for PAT CL [CHT/CS]300 myotubes were distributed 
in a short range of orientation, presenting for both cases (DM or GM) a preferential 
orientation. These data are supported by related literature that described alignment as a driven 
force for myogenic differentiation.[67] In the present study, it is possible to correlate these 3 
important concepts: a nanogrooved topography seemed to have an interesting impact on 
cellular alignment, which in turn promote myogenic differentiation even in absence of some 
special culture media.  
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3. Conclusion 
Nanoengineered materials for biomedical applications have been showing remarkable 
advances in the last years. However, the complexity of the used methodologies and materials, 
the inability to create hierarchically organized and layered scaffolds, the time required and the 
short incorporation of non-meltable natural-based polymers have been the major obstacles in 
such developments. In this study, we developed a pioneer strategy to produce nanogrooved 
freestanding multilayer biopolymer films capable to control the cellular behavior. Using LbL 
methodology it was possible to process polysaccharide-based films with well-defined 
patterned motifs engraved on the surface with a sub-micrometer resolution. Cellular behavior 
was investigated for two different type of mammalian cells. For mouse fibroblasts, parameters 
like viability and proliferation had generally higher values on flat membranes and the 
nanotopography could induce significantly cell orientation. Moreover, also the alignment and 
myogenic differentiation of C2C12 were observed on nanopatterned membranes, even in 
absence of special differentiation medium. We were able to develop freestanding membranes 
using wet and mild processing routes, that depending on the post-processing steps 
(crosslinking) and the presence of topographic motifs could control cellular behavior, 
including orientation and differentiation without any external stimuli or exogenous factors. 
Such kind of versatile multilayer membranes could be valuable bioinstructive substrates to be 
used in a variety of biomedical applications, such as in tissue engineering strategies. 
 
Supporting Information  
The supplementary information includes: i) complete experimental details of the 
developed investigation and ii) supplementary figures that complement the main figures 
presented in the main text.  
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Figures 
 
 
Figure 1. Representative SEM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) top-view 
and D) tilted view (60°) of optical media used as the patterned substrate used to produce the 
patterned (PAT) membranes, E) PAT [CHT/CS]300, F) PAT CL [CHT/CS]300 and G) PAT CL 
[CHT/CS]300 tilted at 60°. SEM images of the cross-sections of H) [CHT/CS]300 and I) PAT 
[CHT/CS]300 membranes. The scale bars represent 5 µm unless for the image where it appears 
with the value. 
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Figure 2. Representative AFM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) PAT 
[CHT/CS]300, D) PAT CL [CHT/CS]300 topographies in air, E) PAT [CHT/CS]300 and F) PAT 
CL [CHT/CS]300 in fluid. G) Arithmetic roughness (Ra) and average height value (Hav) for flat 
and patterned surfaces. H) Averaged dimensions of the nanofeatures, with the values for 
groove (GWav) and ridge (RWav) widths and the depth (Dav) for the different membranes in 
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both dry (air) or wet (PBS) states. Significant differences for the patterning effect were fo und 
for (++) p<0.01 and (+++) p<0.001 and for the crosslink effect were found for (*) p<0.01 and 
(***) p<0.001. Significant differences between dry and wet states were found for (§§) p<0.01 
and (§§§) p<0.001. 
 
Figure 3. A) cellular viability through the absorbance of the metabolic activity of L929 cells 
(MTS assay) in function of culturing time and B) cellular proliferation through the 
determination of the DNA content (DNA quantification assay) in function of culturing time. 
Significant differences for the crosslink effect were found for (***) p < 0.001, (**) p < 0.01 
and (*) p < 0.05. Significant differences for the patterning effect were found for (###) 
p<0.001 and (#) p<0.05. Significant differences were found for (***) p < 0.001 and (**) p < 
0.01 with TCPS and for (§§§) p < 0.001 with latex.  
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Figure 4. Representative images of L929 cells over the different membranes. (A) 
DAPI−phalloidin fluorescence assay at 1, 3 and 7 days of culture on flat and nanopatterned 
[CHT/CS]300 membranes, with or without crosslinking. Cells nuclei are stained in blue by 
DAPI and F-actin filaments are stained in red by phalloidin. The scale bar is representative for 
all images. B) SEM observation at 3 and 7 days of culture above crosslinked flat and 
nanopatterned CL [CHT/CS]300 membranes. 
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Figure 5. Morphometric parameters of L929 cell adhered on crosslinked flat and 
nanopatterned membranes: A) cell area, perimeter, circularity and elongation factor (EF). 
Polar graphical representation of cellular alignment for B) CL [CHT/CS]300 and for C) PAT 
CL [CHT/CS]300. For each parameter, significant differences were found for (#) p < 0.05, (##) 
p < 0.01 and for (###) p < 0.001. 
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Figure 6. Representative images of C2C12 cells over the different CL membranes. (A) 
DAPI−phalloidin fluorescence assay at 1, 3, 5 and 10 days. Cells nuclei are stained in blue by 
DAPI and F-actin filaments are stained in red by phalloidin. The scale bar is representative for 
all images. B) SEM observation at 4 hours, 3 and 7 days, at different magnifications and C) 
Immunofluorescence with vinculin (orange focal adhesions) and DAPI (blue nuclei) at 3 and 
5 days. The scale bar is representative for all images, at different magnifications. Images are 
representative of CL flat and nanopatterned [CHT/CS]300 membranes. 
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Figure 7. Immunofluorescence with troponin T (green myotubes) and DAPI (blue nuclei) at 7 
and 10 days of culture. Images are representative of crosslinked flat and nanopatterned 
CHT/CS membranes and TCPS, using differentiation medium (DM) and normal growth 
medium (GM). The scale bar is representative for all images. 
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Figure 8. Morphometric parameters of C2C12 cell adhered on crosslinked flat and 
nanopatterned membranes: A) fusion index (%) and normalized number of myotubes and B) 
myotube area in an established area. For the effect of the culture medium, significant 
differences were found for (***) p < 0.001 and (**) p < 0.01 and for patterning effect the 
significant differences were found for (#) p < 0.05, (##) p < 0.01 and (###) p < 0.001. The 
statistical analysis for myotube area parameter was done using a nonparametric equivalent of 
one-way ANOVA (Kruskal–Wallis test) followed by Dunn’s multiple comparison test. C) 
Polar graphical representation of cellular alignment for CL [CHT/CS]300 and for PAT CL 
[CHT/CS]300. It is assumed that the preferential alignment corresponds to the grooves 
orientation (arbitrary angle). 
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Flexible and freestanding biomimetic multilayer membranes, which topography 
resembles the nanofeatures of the extracellular matrix, are successfully developed using a 
friendly-user LbL technology. The ability to crosslink with genipin as well as the presence of 
a patterned topography on the surface of the natural-based membranes provide a promising 
system to tailor cellular behavior including cell alignment and differentiation.  
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Inspired by native extracellular matrix (ECM) together with the multilevel architecture 
observed in nature, we engineer a material which topography recapitulates topographic 
features of the ECM and the internal architecture mimics the biological materials organization. 
The nanopatterned design along the XY plane is combined with a nanostructured organization 
along the Z axis on freestanding membranes prepared by layer-by- layer deposition of chitosan 
and chondroitin sulfate. Cellular behavior is monitored using two different mammalian cell 
lines, fibroblasts (L929) and myoblasts (C2C12), in order to perceive the response to 
topography. Viability, proliferation and morphology of L929 are sensitively controlled by 
topography; also differentiation of C2C12 into myotubes is influenced by the presence of 
nanogrooves. This kind of nanopatterned structure has been also associated with strong 
cellular alignment. To the best of our knowledge, it is the first time that such a straightforward 
and inexpensive strategy is proposed to produce nanopatterned freestanding multilayer 
membranes. Controlling cellular alignment plays a critical role in many human tissues, such 
as muscles, nerves or blood vessels, so these membranes can be potentially useful in specific 
tissue regeneration strategies.  
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1. Introduction 
Directing cellular behavior is essential for different physiological processes and a very 
important stage of tissue-material interactions. The design of a surface capable of 
recapitulating features occurring in vivo may benefit the development of promising tissue 
engineering strategies.[1] Native extracellular matrix (ECM) has a unique and complex 
structure, displaying well-defined features on its topography such as protein fibers, pores, 
ridges, grooves that can be found at both micro and nanoscale levels.[1b, 2] Tissues like bone or 
muscle present highly aligned multiscale structures that have inspired the development of 
nanoengineered material for tissue regeneration applications;[2a] for instance, well-aligned, 
long and parallel cylinders of collagen type-I are part of the cortical bone structure, being 
important for its mechanical properties.[3] 
Both chemical and topographical surface patterning play a recognized role in the regulation 
of the cellular behavior, at both micro and nanoscale levels.[4] The mechanisms behind cell 
response to nanotopographic features are more complex than the ones behind cellular 
response to microtopography, where cells are of comparable size to the features. In fact, the 
connection established between each cell and their environment is even observed at the 
nanoscale length.[1b] The cell surface receptors, particularly integrins, bind to the extracellular 
ligands and react to extracellular stimuli, including pattern motifs on the material’s surface, 
inducing an intracellular cascade of physical and chemical events, conditioning cell 
response.[5] In particular, the geometry of topographical nanofeatures direct cells to react in 
terms of adhesion [6], formation of focal adhesions (FAs) [7], proliferation [8], migration [9], 
alignment [4a, 10] and differentiation [11]. For example, the surface topography of human cornea 
basement membrane was reproduced using lithography, inducing elongation and alignment of 
cells along the grooves.[12] Curiously when changing cell environment parameters like the 
growth medium, the cells reacted totally differently, suggesting that the patterning effect is 
also dependent of other environmental factors.[13] It was also found that both shape and 
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alignment of mesenchymal stem cells is dependent on the nanotopographical density of the 
surface, regulating their function and even osteo- or neurogenesis.[14] 
Distinct technologies have permitted the introduction of nanofeatures over the surface of 
biomaterials, allowing an additional cellular control in medical devices and substrates for cell 
culturing. Among conventional techniques are colloidal lithography [15], polymer demixing [16] 
or even phase separation [17], which are usually easier, faster and cheaper than other 
technologies, but with less control over the geometry.[18] In order to increase this control, 
techniques such as electron-bean and photolithography [4c, 19] have been extensively reported; 
however, the high costs associated with the limitation in the chosen raw materials prompt the 
need of finding alternative nanofabrication technologies. 
With this in mind, there exists a present need for a single step process that could surpass 
some of the drawbacks of the existing technologies. We propose a simple layer-by- layer 
(LbL) methodology that presents high versatility, precise control over the film construction 
and ability to process under physiological and ambient conditions.[20] Lithographic techniques 
were already combined with LbL strategies to generate patterned surfaces [21]; however, the 
inability to detach the LbL film from the anchored substrate and to create asymmetric 
membranes increased the need of substrate-free LbL patterned films. Immersing a low-surface 
free energy substrate sequentially and continuously into polye lectrolytes of opposite charges 
is possible to obtain a multilayer film that can be easily detached from the underlying 
substrate. This method was employed before to produce smooth freestanding (FS) 
membranes.[22]  
Unlike other nanofabrication methodologies, LbL allows the incorporation of a wide range 
of materials, since synthetic to natural polymers [22-23], proteins [24], or even other bioactive 
molecules [25]. We hypothesize that the sequential deposition of nanolayers of polyelectrolytes 
during the LbL buildup could adapt to the nanoscale the geometrical features of textured 
templates, generating multilayer membranes with the replica of the patterns upon detachment. 
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As polysaccharides present structural similarities with natural ECM, have biodegradable 
properties and are biocompatible [26], chitosan (CHT) and chondroitin sulfate (CS) were 
chosen in this work as polycation and polyanion, respectively, to produce natural-based 
nanopatterned FS membranes. 
The effect of the nanogrooves on cellular function was investigated by assessing the 
morphology, elongation, alignment of fibroblasts and myoblasts and differentiation in the case 
of myoblasts. 
 
2. Results and discussion 
 
2.1. Polyelectrolyte multilayers construction 
Quartz Crystal Microbalance with Dissipation (QCM-D) was used to monitor the 
variations on the deposition of the polyelectrolytes and the thickness of the film along the 
time - see Figure S1A. As expected, frequency variation (Δf) decreased with the injection of 
CHT and CS, and with the increasing number of layers; this confirmed that the 
polyelectrolytes mass was deposited on the surface of the gold piezoelectric crystal. A slight 
increase in Δf was observed for the washing steps, which corresponds to the desorption of the 
excess of polyelectrolyte mass. In the other hand, dissipation variation (ΔD) increased with 
the consecutive injections of CHT and CS, evidencing the viscoelastic nature of the deposited 
polymers. A Voigt model was used to fit the QCM-D data and to estimate the thickness 
variation as a function of the number of deposited layers - see Figure S1B. The results 
showed a linear growth of the polyelectrolyte multilayer film (R2 = 0.974), composed by CHT 
and CS layers, being an indication that the polymers were adsorb along the multilayer during 
the depositions, contrarily to other systems already described in literature.[27]  
Based on the same model and parameters used to obtain the thickness, parameters like 
viscosity and shear modulus were also estimated - see Figure S1C and S1D, respectively. 
These two parameters increased along the buildup of the film, which can be related with the 
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viscoelastic behavior of the film.[28] Fitting parameters like shear modulus, viscosity and 
thickness gave important continuous data on multilayer film construction.  
2.2. Fabrication of nanopatterned FS films  
Flat and nanopatterned membranes were produced by repeating 300 times the cyclic 
depositions on CHT and CS solutions, using appropriate templates. The underlying substrates 
selected to produce flat and nanopatterned membranes were polypropylene (PP) sheets and 
optical media material, respectively. The membranes were further crosslinked with genipin, to 
improve their mechanical and biological performance. After drying, both crosslinked a nd non-
crosslinked membranes were easily detached from the underlying substrates, with the help of 
a tweezer. In the end, four formulations were designed: flat FS ([CHT/CS]300), flat crosslinked 
FS (CL [CHT/CS]300), nanopatterned FS (PAT [CHT/CS]300) and nanopatterned crosslinked 
FS (PAT CL [CHT/CS]300).  
2.3. Morphological, topographical and physical characterization of the FS membranes  
 
2.3.1. Morphology  
The FS [CHT/CS]300 films were detachable, without visible damages, from the respective 
underlying substrates. Figures 1A and 1B represent Scanning Electron Microscopy (SEM) 
micrographs of uncrosslinked and crosslinked flat FS membranes. Prior the crosslinking step, 
the membranes presented a homogeneous morphology with visible rough structures in the 
order of 1-2 µm. Crosslinked membranes showed a non-homogeneous morphology, with 
large and lower roughness areas randomly dispersed along the surface. The recordable part of 
the optical media presents nanofeatures on their surface.[29] We investigated the presence of 
this kind of topography on commercial blank optical media. The polycarbonate template used 
to create the nanotopography showed regular nanostructured stripes (width around 637 ± 36.1 
nm) - see Figure 1C. The depth of the nanogrooves presented on the surface of the 
polycarbonate template was also calculated through SEM imaging - see Figure 1D; just by 
tilting the surface at 60° we were able to estimate the depth of the grooves (depth around 244 
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± 16.2 nm). The LbL methodology was applied above these substrates trying to mimic their 
topographical features. It was possible to confirm the presence of a nanogrooved topography 
on the surface of both uncrosslinked and crosslinked FS patterned CHT/CS membrane - see 
Figures 1E and 1F, respectively. The results prove that the geometrical features of the 
polycarbonate template were successfully replicated on the FS membranes. The existence of 
the groove in the Z axis was confirmed by leaning the samples to 60°; Figure 1G clearly 
shows a depth on the stripe structures. Therefore, by using daily-used objects, such as optical 
media, we propose a pioneering and unconventional nanofabrication strategy, by transposing 
the defined nanoscale geometries of such simple substrates onto FS membranes. Anene-Nzelu, 
C.G. [29] had previously described the use of optical media as substrates for cellular alignment, 
controlling cells morphology and differentiation through its ordered nanotopography; 
however, polycarbonate can promote some problems in biointegration. So far, for the best of 
our knowledge is the first time that such multifaceted technology is used to fabricate, through 
the repetition of a single step, ordered nanopatterned membranes. 
Differences were found in the cross-section between flat and nanopatterned FS membranes 
– see Figures 1H and 1I, respectively. Flat membranes were considerably thicker (40.4 ± 
0.93 µm) than nanopatterned membranes (9.9 ± 0.21 µm), with the same number of bilayers. 
Such differences can be related with the established interactions between the underlying 
substrate and the polyelectrolytes. Estimated thickness obtained using QCM-D data shows a 
linear growth of the film, so if a 300 bilayer film was constructed, it should be obtained a FS 
membrane with the thickness around 7.6 µm. Comparing the estimated thickness with real 
thicknesses, we can conclude that polyelectrolytes interactions with polycarbonate template is 
closest to those with the gold piezoelectric crystal. 
2.3.2. Topography  
The studies of the topography of different human tissues, like heart, nerve or muscle, have 
been useful for understanding the threshold of the patterns dimensions capable to influence 
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the cellular response. For instance, materials nanoimprinted with depth of 200 nm and width 
of 500 nm were developed and the interactions between neuron cells and these nanograft ings 
promoted both neurite alignment [30] and bipolarity [31]. Nanogrooved substrates with 450 nm 
in groove/ridge width; 100 or even 350 nm in depth regulated the orientation of 
cardiomyocytes and their contractile function.[32] As discussed below, our methodology 
provided such kind of dimensions, but using a quite simple methodology, providing the 
ability to use natural based polymers, employing wet based fabrication technologies. 
Firstly, uncrosslinked and crosslinked flat FS membranes were analyzed with Atomic 
Force Microscopy (AFM) imaging - see Figure 2A and 2B respectively. Both presented some 
rough structures in the order of about 30 nm. Also the topography of the uncrosslinked and 
crosslinked nanopatterned FS films was investigated. AFM imaging confirmed the good 
reproducibility of the nanopatterning, always with structures consistent with the patterning of 
the polycarbonate template - see Figure 2C and 2D, respectively. Besides the presence of the 
sub-micron patterning, the topography of these surfaces also presented rough areas, at the 
nanometer scale. AFM was also performed with wet samples, in order to conclude about the 
stability of the patterning in a hydrated environment. As observed in Figure 2E and 2F, even 
after the incubation in phosphate buffered saline (PBS) overnight, the uncrosslinked and 
crosslinked nanopatterned surfaces maintained the nanogrooved topography. To conclude 
about the stability of patterning, we also left the membranes immersed in the PBS solution for 
longer times and even after 14 days we verify the maintenance of the patterning. This 
information will be further supported by the SEM images of the cells above the patterned 
freestanding membranes. 
Figure 2G shows the arithmetic roughness (Ra) and the average height (Hav) values for all 
type of developed FS membranes. No substantially changes were observed with the 
crosslinking step, but the Ra value was slightly lower for the PAT CL [CHT/CS]300 when 
comparing with the unmodified nanopatterned ones; this can be related with the swelling and 
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contraction of the upper layer. Naturally, crosslinked and non-crosslinked PAT [CHT/CS]300 
presented significantly higher values of Hav due to the presence of the nanogrooves on their 
surface; indeed, the uncrosslinked patterned membranes clearly exhibited the highest value 
and this fact also can be related with the swelling process. 
Some differences were expected when hydrating the membranes, due to their ability to 
retain water.[33] Figure 2H shows distinct relevant dimensions of the pattern features 
calculated through the AFM image data. The averaged ridge width (RWav) in the FS films was 
similar between the different conditions, being around 500 nm. The averaged groove width 
(GWav) was different, following what happened with the averaged depth (Dav) values: for 
PAT [CHT/CS]300 membranes, the GWav significantly decreased from 820.4 ± 40.7 nm (dry 
state) to 687.4 ± 64.1 nm (hydrated PAT [CHT/CS]300). No significant differences in the 
GWav were found between hydrated PAT CL [CHT/CS]300 membranes and dried PAT CL 
[CHT/CS]300; the crosslinking reaction allowed lower water contents in their composition and 
thus fewer differences were noticed in the GWav. The Dav of the crosslinked and 
uncrosslinked FS membranes significantly increased when the samples were hydrated; in the 
case of PAT CL [CHT/CS]300 the Dav significantly increased from 208.3 ± 38.36 nm (dry 
state) to 449.4 ± 50.01 nm (wet state). Curiously, in the hydrated state, crosslinked 
membranes had higher values of depth than in the dry state. This is an indication that when 
hydrated, the topography of the PAT CL [CHT/CS]300 membranes did not deform 
significantly along the XY plane but this changing essentially happened in the Z plane.  
2.3.3. Water Contact Angle (WCA) 
Wettability plays an important role in material-cell interactions;[34] it can depend on both 
chemical composition and topography of the surface. The WCA of the produced films are 
shown in Figure S2A and S2B. The crosslinking effect on the WCA was evident on flat 
CHT/CS membranes, with a significant increase on the hydrophilicity. The derivate of the 
crosslinking reaction is rich in hydrophilic groups, like amines, amides and hydroxyl 
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groups;[35] indeed this result was consistent with some works in literature which reported the 
effect of genipin crosslinking in the decrease of the WCA, for hydrogels [36], capsules [35a] and 
also for multilayer films [37]. Significant differences were observed between flat and patterned 
membranes, for non-CL membranes (WCA = 107 ± 7.7°and WCA= 119 ± 3.1°, respective ly) 
and for CL membranes (WCA = 74 ± 7.9°and WCA= 111 ± 1.3°, respectively). Therefore, the 
presence of a nanopatterned topography on the CHT/CS membranes enhanced the 
hydrophobicity of the surface, comparing with the flat ones. The explanation of this 
phenomenon is based on the Cassie-Baxter [38] regime that assumes that there is no 
penetration of the water droplets into the grooves, establishing a composite interface between 
the solid/air and the liquid droplet. In this case, if roughness increases, also the 
hydrophobicity of the surface will be higher, with higher WCA values. The effect of 
crosslinking was not significant in the case of patterned membranes, and we hypothesized that 
the crosslinking effect was masked by the patterning effect. Our results indicate that at this 
stage, surface topography prevented the decrease on WCA, that would be expectable by the 
introduction of hydrophilic groups. Similar competitive forces between hydrophilic surface 
groups and surface topography were already reported elsewhere. [39] 
These results indicates that after an initial increase in hydrophobicity of glass surface with 
zeolite coverage, hydrophilic groups prevent the continuous increase in water contact angle 
with increasing zeolite density. In other words, the reason of the difference in the water 
contact angle values along the gradient surface can be attributed to the competitive effects 
between hydrophilic surface groups on zeolites and surface roughness. 
 
2.3.4. Mechanical characterization of FS membranes 
Dynamic Mechanical Analysis (DMA) experiments were performed to evaluate the 
mechanical/viscoelastic properties of the FS membranes. Mechanical studies are a vital part of 
the membranes characterization, as literature has been reported their determinant role on 
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cellular phenotype and differentiation [40]. The variation of the storage (elastic) modulus (E’) 
along the frequency is presented in Figure S3A. Overall, for all the studied FS membranes, E’ 
slightly increases with frequency as already reported by other works.[41] Comparing the 
uncrosslinked membranes, it was observed that the curves of the graph were superimposed; 
thus, there are not significant differences in their E’ values: 1.1 ± 0.40 MPa and 1.3 ± 0.32 
MPa at 1 Hz, for unpatterned and patterned FS membranes, respectively. The same behavior 
was observed in the case of the crosslinked membranes where no significant differences could 
be found. However, significant differences were found between crosslinked and uncrosslinked 
membranes, with E’ values of the crosslinked FS membranes (4.3 ± 0.84 MPa and 4.4 ± 0.67 
MPa at 1 Hz, for unpatterned and patterned crosslinked FS membranes, respectively) being 
higher than E’ values of the uncrosslinked ones. Such results are consistent with previous 
works that reported an increase in stiffness when membranes were submitted to a crosslinked 
reaction.[37, 41a, 42] These results also indicate that the presence of the patterning or the 
polymeric nature of the template on both uncrosslinked and crosslinked FS membranes have 
not influence on the stiffness of the samples.  
The variation of the loss factor (tan δ) along the frequency is presented in Figure S3B. The 
tan δ is the ratio of the amount of energy dissipated by viscous mechanisms relative to energy 
stored in the elastic component providing information about the damping properties of the 
membranes. For all membranes, it was observed that tan δ slightly increased with the 
frequency, but no signs of the presence of relaxation processes could be detected. Moreover, 
the uncrosslinked FS membranes presented higher dissipative properties, mainly at the higher 
frequencies.[43] 
2.3.5. Degradation behavior monitoring of FS membranes 
Both degradability and stability are important parameters in implantable scaffolds. Among 
other components, human serum presents enzymes capable to degrade biopolymers ;[44] thus 
our developed membranes composed by CHT and CS can have interesting biodegradable 
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properties. To understand the degradability of flat and nanopatterned CHT/CS, non-
crosslinked and crosslinked, their weight loss was investigated, by immersing them in suitable 
enzymatic solutions. Lysozyme [45] and hyaluronidase [46] are enzymes capable to degrade 
natural polymers as CHT and CS once they are presented in the human serum at different 
concentrations. The degradation phenomenon could be noted through the decrease in the film 
thickness, as already reported in literature for comparable systems.[47] No substantial 
differences were observed in the weight loss profile between flat and patterned membranes - 
see Figure S4; nevertheless, the crosslink effect on the degradability and stability of the FS 
films was evident. The enzymatic degradation is retarded when the FS films were crosslinked. 
In fact, there are already some studies indicating the decrease of degradation rates for CL 
films and consequently the capability to use this strategy to control the material 
degradation.[47a, 48] Note that weight loss is also observed using just PBS solution, but it was 
accelerated with the presence of the enzymes. Looking deeper at Figure S4, it is possible to 
observe that most degradation occurs within the first 3 days of immersion; water molecules 
diffused into the bulk of the FS membranes, weakening their structure and thus enhancing the 
degradation. After 7 days of immersion the rate of degradation decreases significantly for FS 
membranes. The crosslinking effect can be used to control the degradation and thus the FS 
membranes characteristics may be adapted to the therapeutic specifications. 
2.4. L929 cellular response 
2.4.1. L929 viability and proliferation 
We investigated the influence of the crosslinking and patterning in the FS membranes on 
the behavior of L929 cells. Figure 3A shows the results of a (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) assay, used to assess 
the mitochondrial redox activity. One assumes that higher values of metabolic activity 
correspond to higher cellular viability. Differences between the non-crosslinked and 
crosslinked membranes became evident for day 3 and even more for day 7 of culture. In those 
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time points, it was clearly observed higher values of cellular metabolic activity on crosslinked 
membranes. DNA quantification assay was used to complement these results and to have a 
measure of cell proliferation (see Figure 3B). Regarding the differences between non-
crosslinked and crosslinked membranes, DNA quantification supported the results of MTS 
assay: in day 3 and day 7 of culture the crosslinked membranes induced significantly more 
proliferation. This fact matched with literature that has reported the positive effect of genipin 
on enhancing the cellular adhesion, viability and proliferation.[33, 36, 42] These works suggested 
that substrate stiffness increases when crosslinked with genipin, decreasing the water content 
and increasing the protein adsorption and resulting in improved cellular behavior. In fact, the 
mechanical properties of the membranes are also an important parameter to tailor the cellular 
behavior, and the crosslinking step with genipin seemed essential to increase the stiffness of 
the polysaccharide multilayer membranes and thus to enhance their biological performance, 
without compromising the non-cytotoxicity of the material. It can be said that the crosslinking 
effect on cell viability and proliferation followed the same trend along the days of culture but 
the same cannot be said for the effect of the topography. For day 7 of culture, the PAT CL 
[CHT/CS]300 presented slightly higher DNA content and metabolic activity than flat CL 
[CHT/CS]300 membranes while for uncrosslinked PAT [CHT/CS]300 the DNA content and 
metabolic activity were slightly lower than for flat [CHT/CS]300. We hypothesized that for CL 
membranes, the effect of genipin crosslinking overlapped the effect o f topography. Literature 
[6, 49] reported the increasing number of filapodia and elongated cells when in presence o f a 
nanogrooved surface, but this may not necessarily correspond to an increase in proliferation; 
other properties of the nanopatterned membranes can also play a role , such as surface 
chemistry, wettability or even stiffness. The influence of the presence of topography at 
nanoscale length on cellular proliferation can also depend on the cell type.[6, 50]  
2.4.2. L929 morphology 
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A sparser density was chosen to culture fibroblasts, in order to avoid cell-cell contacts and 
to evidence the effect of topography on the morphology of individual cells. Fibroblasts were 
fixed and then stained to observe their nucleus and cytoskeleton variances on fluorescence 
microscopy - see Figure 4A. Cell morphology differed between flat and nanogrooved 
substrates. Overall, F-actin structure was different between fibroblasts adhered on flat and 
nanopatterned [CHT/CS]300 membranes and fibroblasts were more elongated on the patterned 
ones, even for the first day of culture. On the other hand, differences on L929 morphology 
between non-CL and CL was also noted, mostly from the third day of culture; well-spread 
fibroblasts were observed on CL FS membranes. The effect of crosslinking on cell 
morphology was previously investigated in multilayers using high-throughput approaches, 
where the area occupied by L929 or SaOs-2 cells increased, as compared with uncrosslinked 
membranes.[51] Nevertheless, the topography seemed to have more impact on morphology and 
cytoskeleton organization than crosslink and stiffness. These findings are in accordance with 
previous studies; Yim et al. [7] stated that while both material nanotopography and stiffness 
are crucial properties to modulate mechanical properties of cells, nanotopography is the main 
property involved in cytoskeletal organization and focal adhesions (FAs) formation. As 
observed for nanopatterned membranes, the cellular contact guidance followed a trend of 
orientation that was not observed for the flat ones. The first steps in the cellular contact 
guidance on nanogrooved surfaces is adhesion and guided spreading, with the cell usually 
assuming an elongated morphology parallel to the groove long axis;[52] the response changes 
according to parameters like geometry and respective dimensions of the nanotopographic 
features.  
SEM analysis depicted the cells distribution over the flat and nanopatterned FS membranes 
- see representative images in Figure 4B for crosslinked membranes. The results obtained by 
fluorescence images (Figure 4A) were confirmed by SEM (Figure 4B); cell cultured over 
PAT CL [CHT/CS]300 membranes presented predominantly a highly stretched morphology, 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
  
14 
 
aligned along the nanogrooves direction. As observed in Figure 4B, lamellipodia seemed to 
extend mostly towards the grooves and ridges direction (horizontally). However, when FAs 
were perpendicular to grooves direction, their limited width can be responsible for limiting 
the length of actin fibers and the random direction of lamellipodia. It was already reported 
that when lamellipodia are placed perpendicular to nanotopography direction, mesenchymal 
stem cells retract rapidly and become more round with dispersed filopodia.[53] Moreover, from 
Figure 4B we could also confirm the stability of the patterning on the surface of the 
membranes, even after 7 days of cell culture. 
As already mentioned, there are different studies reporting the fabrication of nanopatterned 
materials and their respective topography-cells interactions but, for the best of our knowledge, 
this was the first time that nanopatterned FS membranes with ability to control cellular 
alignment, was fabricated by means of a single step process and using just natural-polymers.  
2.4.3. Nuclei morphology  
Although different investigations have already reported changes in the cytoskeleton 
morphology as a result of using a nanostructured topography, few studies have explored the 
differences in nuclear shape. Comparing the nuclei of the fibroblasts adhered on CL 
[CHT/CS]300 and PAT CL [CHT/CS]300 membranes, significant differences were found in 
terms of the nuclei elongation factor (EF) - see graphics in Figure S5A. When cultured on the 
patterned surface the nuclei of the cells predominantly showed an elliptical shape, while for 
unpatterned surfaces they preferred to display a circular shape, with no defined direction - see 
the representative images also presented in Figure S5A. Graphical distributions of the nucleus 
orientation of the individual cells cultured on unpatterned and patterned membranes during 1, 
3 and 7 days of culture days are presented on Figure S5B. All the images were representative 
for each condition. On PAT CL [CHT/CS]300 membranes, the larger part of nuclei was 
aligned in the same direction, with higher percentages of the cells between -10° and 10°, in 
opposite of what happened for CL [CHT/CS]300 membranes. For unpatterned membranes, no 
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significant differences were found in the range between -90° and 90°. These observations 
were according  literature.[54] 
2.4.4. Morphometric parameters 
To have a quantitative idea of the nanotopography effect on cell (cytoskeleton) shape, we 
determined parameters like fibroblasts area, perimeter, circularity and alignment, regarding 
the third day of culture. Phalloidin-DAPI (4',6-diamidino-2-phenylindole) stained images 
provided the ability to calculate parameters like area and perimeter of the cells adhered on 
crosslinked flat and patterned [CHT/CS]300 membranes - see Figure 5A. Flat surfaces 
exhibited a significantly larger cell area than patterned ones. If we assume that the volume of 
the cells will not change, differences in the cell area should be accompanied by opposite 
trends in their height. The same trend was obtained in terms of perimeter, yet with no 
significant differences. 
Circularity and cell elongation factor (EF) were also calculated. Circularity is a 
quantitative parameter used to evaluate cell morphology, as well as cell EF. Significantly 
higher circularity values were obtained for flat CL [CHT/CS]300, comparing with those 
obtained for PAT CL [CHT/CS]300. These results indicate that fibroblasts grown on flat 
surfaces acquire more rounded morphologies than when grown in the nanopatterned surfaces, 
clearly consistent with the images of Figure 5A. Cell EF is defined as the ratio between the 
longest axis of the cell (length) and the longest axis perpendicular to it. Contrarily to area, 
perimeter and circularity, the EF of cells cultured on nanopatterned substrates was significant 
higher than for cell cultured above flat surfaces. As it was higher than 2 for PAT CL 
[CHT/CS]300) it is possible to say that the majority of cells were elongated.[12] 
Fibroblasts were cultured on substrates patterned with sub-micron wide stripes and, as 
already discussed, they elongated along the ridges and grooves direction. Flat substrates did 
not seem to have this ability. The angle between the topography direction and the longest axis 
of the cell was determined. Figure 5B shows the cell angle orientation distribution on flat CL 
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[CHT/CS]300 membranes, where the cell distribution seemed to be uniform in the range -90° 
to 90° and an indicative of a random orientation. On the other hand, as observed in Figure 5C, 
fibroblasts cultured on PAT CL [CHT/CS]300 were distributed in the range -30° to 20° and 
approximately 71% of cells were aligned with the pattern direction (angle between -10° and 
10°).[55] The phenomenon by which the matrix offers directional features to the cells and 
directs the motility response via anisotropy in the microenvironment has been designated as 
contact guidance.[4d, 56] This fact is based on the theory that cells make a projection in one 
direction depending on the shape and type of features it encountered; for nanopatterned 
surfaces, the alignment phenomenon will be expected in the direction with less topographic 
and mechanic obstruction.[57] The parameter that has been mostly correlated with cellular 
alignment are the groove depth, at sub-micro and nano-scales.[19, 58] The depth of the grooves 
should be smaller enough for cells run down into the grooves and form FAs and bigger 
enough for cells sense, with filapodia being able to adhere to the grooves and make cell 
aligning. Additionally, we also correlated the alignment of the cytoskeleton with the 
alignment of the nucleus and, in fact, they deformed in the same direction. This result is 
consistent with literature[59] that suggests that the cytoskeleton network mediates the nucleus 
deformation. 
2.5. C2C12 cellular response 
2.5.1. C2C12 morphology and FAs formation 
C2C12 myoblasts were chosen to study the influence of topography in cell differentiation, 
since it is a well-known and characterized model that has been reported in literature to study 
the influence of surface distinct properties.[60] Proliferating mononucleated myoblasts 
differentiate and fuse to multinucleated myotubes. Prior to evaluate the C2C12 differentiation 
towards myotubes, the morphology of the cells cultured above CL [CHT/CS]300 and PAT CL 
[CHT/CS]300 were investigated for 1, 3, 5 and 10 days of culture. Figure 6A shows the 
fluorescence microscopic images of C2C12 stained with phalloidin (cytoskeleton) and DAPI 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
  
17 
 
(nucleus). No significant differences in imaged cell density seem to exist between cells 
cultured above flat and nanopatterned surfaces. C2C12 adhered above CL [CHT/CS]300 and 
PAT CL [CHT/CS]300 presented well-organized F-actin on their cytoskeleton and spread on 
all over the surfaces with extended filapodia. The key of the influence of nanogrooved 
topography on myoblast morphology is related with the cellular alignment and the formed 
FAs. In the case of CL [CHT/CS]300 membranes, the elongated myoblasts appeared to be 
random oriented on the surface, while, for the PAT CL [CHT/CS]300 films, the elongated cells 
seemed to follow a specific orientation. In fact, the C2C12 cultured on nanopatterned surfaces 
seemed to be elongated within the nanotopography direction, starting from day one o f culture. 
In day 3 and day 5 of culture, myoblasts were proliferative and started to form a C2C12 
network; the cells extended their filapodia and started to communicate with neighboring cells. 
A higher cell density was imaged with 10 days of culture for both flat and patterned FS 
membranes.  
SEM observations were also performed to follow up the morphology of C2C12 on the FS 
[CHT/CS]300 membranes, during the first week of culture. Microscopic images reinforced the 
results of immunofluorescence with phalloidin and DAPI - see Figure 6B. Just with 4 hours 
of culture, myoblasts already started to elongate and acquired a spindle-shaped morphology, 
while for flat membranes they still remained with a round morphology. In day 3 of culture, 
both patterned and unpatterned surfaces presented elongated cells with EF higher than 1.4. CL 
[CHT/CS]300 films presented random distributed and oriented cells but PAT CL [CHT/CS]300 
exhibited a better control of cellular distribution and orientation, with the filapodia extended 
mainly along the grooves direction. The patterned membranes induced cells fusion with a 
specific direction. Higher cellular densities were imaged for 7 days of culture and the 
alignment effect were maintained for the patterned surfaces. With increasing culture time, 
cells tended to elongate, with a decrease of the width and an increase of the length. These 
observations can be better understood by the formation of FA on the nanogrooved surface; as 
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already reported in literature and discussed for L929, FAs were usually established on 
nanogrooved surfaces and they tend to extend protrusion in the direction without obstacles. 
The formation of FAs of the C2C12 adhered on flat and nanopatterned membranes were 
revealed using an immunofluorescent staining of vinculin after 3 and 5 days of culture - see 
Figure 6C. The influence of the patterning was also observed at the FAs level, in terms of 
orientation and morphology. For both time points the FAs seemed to be more distributed 
around the cells for flat CL [CHT/CS]300, whereas for PAT CL [CHT/CS]300 the FAs seemed 
confined in a preferential direction, supporting the idea of FAs are deeply involved in the 
mechanism of cellular alignment. Note that for 3 days of culture, the immunofluorescence 
with vinculin allowed to identify by staining the direction of the patterning and effectively a 
bigger part of FAs was constrained into the preferential direction of the topography. 
2.5.2. Myogenic Differentiation 
Troponin T was used as a marker for the expression of myogenic differentiation, in order 
to investigate the effect of the nanopatterns on differentiation. To perceive this effect, two 
different media were tested for cell differentiation: DMEM supplemented with horse serum 
(DM), typically used to trigger the differentiation of C2C12 into myotubes, and DMEM 
medium supplemented with FBS (GM), used routinely as a growth medium. Figure 7 shows 
the results of the immunocytochemistry studies for 7 and 10 days of culture. The process of 
C2C12 differentiation comprises the fusion of myoblasts into multinucleated myotubes, 
expressing markers like troponin T.[61]  
In the case of using DM, no significant differences on troponin T expression were 
observed between CL [CHT/CS]300 and PAT CL [CHT/CS]300 membranes. For 7 days of 
culture, myoblasts started to fuse and formed small myotubes; tissue culture polystyrene 
surfaces (TCPS) presented larger myotubes and this could be due to a faster differentiation 
process for plastic-treated substrates. At the 10th day of culture, other myoblasts started to fuse 
with the small myotubes and longer and mature myotubes were formed. These observations 
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are consistent with the basis of mammalian myoblast fusion, which occurs into two phases: an 
early phase of forming nascent myotubes and a later phase of forming mature myotubes.[62]  
Contrarily, in the case of using GM, some differences were noted for unpatterned and 
patterned membranes. Visually, the amount of troponin T expression on the cells cultured on 
nanopatterned membranes using GM was considerably higher compared with flat membranes 
and TCPS; this can be a clear indication that when using a medium capable of inducing 
differentiation by itself, the pattern effect was almost masked. After 10 days of culture, 
myotubes were formed and presented a long and thin morphology; however, the cells reached 
a stage where they were overgrown. Myoblasts change their triangular shape to an elongated 
one during the early stages of differentiation;[63] this can support the results obtained in GM 
conditions. In the absence of DM, the presence of nanogrooved topography on PAT CL 
[CHT/CS]300 prompted cells to acquired predominantly an elongated shape and could promote 
myoblast differentiation by itself with no need of special exogenous factors. 
In Figure 7, it is also possible to perceive some indications of the effect of the nanogroo ved 
topography, with myotubes oriented in a particular direction. The influence of topography on 
C2C12 differentiation was consistent with previous works.[60a, 64] In fact, the alignment step, 
which has been related with the cytoskeleton organization, has been suggested as a crucial 
process before cell fusion, and thus, an important step in differentiation;[64-65] actin filaments 
were randomly distributed in flat membranes while in nanopatterned ones a big part of actin 
filaments were aligned along the grooves. Moreover, by immunofluorescence images, 
morphological differences are perceived between flat CL [CHT/CS]300 and PAT CL 
[CHT/CS]300, using either DM or GM: for the flat ones myotubes presented an arc structure 
while for the nanogrooved surfaces they presented an aligned structure. 
2.5.3. Morphometric parameters 
The effect of the nanogrooves on myoblasts differentiation was also evaluated by exploring 
differentiation parameters: the fusion index, the number of troponin-positive myotubes, the 
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area and the alignment of myotubes were determined for each condition after 10 days of 
culture. 
Cells cultured on PAT CL [CHT/CS]300 showed the highest percentage of fusion index, 
comparing with what happened with CL [CHT/CS]300 - see Figure 8A. The fusion index 
percentage is significantly higher for PAT CL [CHT/CS]300, either using DM or using GM. 
Otherwise, the number of troponin-positive myotubes is similar for flat CL [CHT/CS]300 and 
PAT CL [CHT/CS]300 when using DM, but significantly higher for PAT CL [CHT/CS]300 in 
case of using GM. All these results together indicate that the myogenic differentiation into 
myotubes was boosted on PAT CL [CHT/CS]300, mainly when using GM. Literature refers 
some different driving forces for myogenic differentiation but topography seemed to be one o f 
the most significant.[66]  
Either using DM or GM, significant differences in the myotubes area were found between 
flat and patterned FS films. The PAT CL [CHT/CS]300 membranes presented myotubes with 
larger area than CL [CHT/CS]300 - see Figure 8B. Regarding PAT CL [CHT/CS]300 
membranes, no significant differences were found in the myotubes area between DM or GM 
conditions.  
Also myotubes alignment was evaluated for the different conditions, after 10 days of 
culture. Figure 8C displays the distribution of the myotubes orientation on the different 
membranes. For CL [CHT/CS]300, using DM or GM, the myotubes were distributed in a wide 
range of orientations. On the other hand, for PAT CL [CHT/CS]300 myotubes were distributed 
in a short range of orientation, presenting for both cases (DM or GM) a preferential 
orientation. These data are supported by related literature that described alignment as a driven 
force for myogenic differentiation.[67] In the present study, it is possible to correlate these 3 
important concepts: a nanogrooved topography seemed to have an interesting impact on 
cellular alignment, which in turn promote myogenic differentiation even in absence of some 
special culture media.  
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3. Conclusion 
Nanoengineered materials for biomedical applications have been showing remarkable 
advances in the last years. However, the complexity of the used methodologies and materials, 
the inability to create hierarchically organized and layered scaffolds, the time required and the 
short incorporation of non-meltable natural-based polymers have been the major obstacles in 
such developments. In this study, we developed a pioneer strategy to produce nanogrooved 
freestanding multilayer biopolymer films capable to control the cellular behavior. Using LbL 
methodology it was possible to process polysaccharide-based films with well-defined 
patterned motifs engraved on the surface with a sub-micrometer resolution. Cellular behavior 
was investigated for two different type of mammalian cells. For mouse fibroblasts, parameters 
like viability and proliferation had generally higher values on flat membranes and the 
nanotopography could induce significantly cell orientation. Moreover, also the alignment and 
myogenic differentiation of C2C12 were observed on nanopatterned membranes, even in 
absence of special differentiation medium. We were able to develop freestanding membranes 
using wet and mild processing routes, that depending on the post-processing steps 
(crosslinking) and the presence of topographic motifs could control cellular behavior, 
including orientation and differentiation without any external stimuli or exogenous factors. 
Such kind of versatile multilayer membranes could be valuable bioinstructive substrates to be 
used in a variety of biomedical applications, such as in tissue engineering strategies. 
 
Supporting Information  
The supplementary information includes: i) complete experimental details of the 
developed investigation and ii) supplementary figures that complement the main figures 
presented in the main text.  
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Figures 
 
 
Figure 1. Representative SEM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) top-view 
and D) tilted view (60°) of optical media used as the patterned substrate used to produce the 
patterned (PAT) membranes, E) PAT [CHT/CS]300, F) PAT CL [CHT/CS]300 and G) PAT CL 
[CHT/CS]300 tilted at 60°. SEM images of the cross-sections of H) [CHT/CS]300 and I) PAT 
[CHT/CS]300 membranes. The scale bars represent 5 µm unless for the image where it appears 
with the value. 
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Figure 2. Representative AFM images of A) [CHT/CS]300, B) CL [CHT/CS]300, C) PAT 
[CHT/CS]300, D) PAT CL [CHT/CS]300 topographies in air, E) PAT [CHT/CS]300 and F) PAT 
CL [CHT/CS]300 in fluid. G) Arithmetic roughness (Ra) and average height value (Hav) for flat 
and patterned surfaces. H) Averaged dimensions of the nanofeatures, with the values for 
groove (GWav) and ridge (RWav) widths and the depth (Dav) for the different membranes in 
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both dry (air) or wet (PBS) states. Significant differences for the patterning effect were fo und 
for (++) p<0.01 and (+++) p<0.001 and for the crosslink effect were found for (*) p<0.01 and 
(***) p<0.001. Significant differences between dry and wet states were found for (§§) p<0.01 
and (§§§) p<0.001. 
 
Figure 3. A) cellular viability through the absorbance of the metabolic activity of L929 cells 
(MTS assay) in function of culturing time and B) cellular proliferation through the 
determination of the DNA content (DNA quantification assay) in function of culturing time. 
Significant differences for the crosslink effect were found for (***) p < 0.001, (**) p < 0.01 
and (*) p < 0.05. Significant differences for the patterning effect were found for (###) 
p<0.001 and (#) p<0.05. Significant differences were found for (***) p < 0.001 and (**) p < 
0.01 with TCPS and for (§§§) p < 0.001 with latex.  
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Figure 4. Representative images of L929 cells over the different membranes. (A) 
DAPI−phalloidin fluorescence assay at 1, 3 and 7 days of culture on flat and nanopatterned 
[CHT/CS]300 membranes, with or without crosslinking. Cells nuclei are stained in blue by 
DAPI and F-actin filaments are stained in red by phalloidin. The scale bar is representative for 
all images. B) SEM observation at 3 and 7 days of culture above crosslinked flat and 
nanopatterned CL [CHT/CS]300 membranes. 
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Figure 5. Morphometric parameters of L929 cell adhered on crosslinked flat and 
nanopatterned membranes: A) cell area, perimeter, circularity and elongation factor (EF). 
Polar graphical representation of cellular alignment for B) CL [CHT/CS]300 and for C) PAT 
CL [CHT/CS]300. For each parameter, significant differences were found for (#) p < 0.05, (##) 
p < 0.01 and for (###) p < 0.001. 
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Figure 6. Representative images of C2C12 cells over the different CL membranes. (A) 
DAPI−phalloidin fluorescence assay at 1, 3, 5 and 10 days. Cells nuclei are stained in blue by 
DAPI and F-actin filaments are stained in red by phalloidin. The scale bar is representative for 
all images. B) SEM observation at 4 hours, 3 and 7 days, at different magnifications and C) 
Immunofluorescence with vinculin (orange focal adhesions) and DAPI (blue nuclei) at 3 and 
5 days. The scale bar is representative for all images, at different magnifications. Images are 
representative of CL flat and nanopatterned [CHT/CS]300 membranes. 
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Figure 7. Immunofluorescence with troponin T (green myotubes) and DAPI (blue nuclei) at 7 
and 10 days of culture. Images are representative of crosslinked flat and nanopatterned 
CHT/CS membranes and TCPS, using differentiation medium (DM) and normal growth 
medium (GM). The scale bar is representative for all images. 
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Figure 8. Morphometric parameters of C2C12 cell adhered on crosslinked flat and 
nanopatterned membranes: A) fusion index (%) and normalized number of myotubes and B) 
myotube area in an established area. For the effect of the culture medium, significant 
differences were found for (***) p < 0.001 and (**) p < 0.01 and for patterning effect the 
significant differences were found for (#) p < 0.05, (##) p < 0.01 and (###) p < 0.001. The 
statistical analysis for myotube area parameter was done using a nonparametric equivalent of 
one-way ANOVA (Kruskal–Wallis test) followed by Dunn’s multiple comparison test. C) 
Polar graphical representation of cellular alignment for CL [CHT/CS]300 and for PAT CL 
[CHT/CS]300. It is assumed that the preferential alignment corresponds to the grooves 
orientation (arbitrary angle). 
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Flexible and freestanding biomimetic multilayer membranes, which topography 
resembles the nanofeatures of the extracellular matrix, are successfully developed using a 
friendly-user LbL technology. The ability to crosslink with genipin as well as the presence of 
a patterned topography on the surface of the natural-based membranes provide a promising 
system to tailor cellular behavior including cell alignment and differentiation.  
 
layer-by- layer, polysaccharides, nanogrooved freestanding membranes, cell alignment, 
C2C12 differentiation 
 
Maria P. Sousa, Sofia G. Caridade, João F. Mano*  
 
Control of Cell Alignment and Morphology by Redesigning ECM-mimetic 
Nanotopography on Multilayer Membranes 
 
 
 
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
